We assayed Leonardo protein expression in the nervous system, with an emphasis on the NMJ, using two 1995) . In the brain, 14-3-3 proteins are found enriched in synaptic connections, where they exist in both cytosolic polyclonal antisera. Both antisera are highly specific for Leonardo protein, recognize only a single spot on twoand synaptic vesicle bound fractions . Biochemical studies suggest that 14-3-3 proteins may dimensional Western blots, and do not recognize an antigen in null leonardo mutant embryos (see below). bind Ca 2ϩ (Zupan et al., 1992) and phospholipids . In neurosecretory cells, 14-3-3 proteins Leonardo protein is first reliably detected in the nervous system at 16-18 hr AF in neuronal cell bodies, axons, and regulate secretory vesicle dynamics through modulation of the cortical actin cytoskeleton (Roth and Burgoyne, synapses, including the NMJ ( Figure 1B ). The protein is progressively partitioned to the NMJ and lost from the 1995). Thus, 14-3-3 proteins appear to occupy a key interface between secretory vesicles, the cytoskeleton, motor axons during the next few hours (16-20 hr AF). By 20 hr AF, Leonardo protein is tightly localized to and regulatory kinase cascades. These observations have raised the possibility that 14-3-3 proteins regulate synaptic boutons and barely detectable in axons (Figure 1B) . This progression of synaptic protein localization vesicle dynamics during synaptic transmission in the nervous system. is similar to that seen for other synaptic proteins, such as the synaptic vesicle (SV) proteins, Synaptobrevin In this study, we have used a genetic approach to study possible 14-3-3 protein function at the synapse. (Sweeney et al., 1995) and Synaptotagmin (Littleton et al., 1993) , and the SV-associated Cysteine String Protein We have examined the expression of the Leonardo protein at the NMJ and assayed the functional conse-(CSP; Broadie, 1996) . However, Leonardo expression in the synapse is delayed relative to these other proteins; quences of null leonardo mutations on synaptic transmission. We report here that Leonardo is strongly and the SV proteins are first detected in the NMJ about 3 hr earlier, concurrent with the onset of synaptic transmisspecifically expressed in the presynaptic boutons of the NMJ. In mutants, the basic processes of synaptogenesis sion. Leonardo accumulates following the initial phase of synaptogenesis (16-18 hr AF), concurrent with the and excitation-secretion coupling are not perturbed, but properties of synaptic modulation such as transmission development of synaptic modulation properties . augmentation, high frequency transmission fidelity, and post-tetanic potentiation (PTP) are strongly impaired.
In mature larvae, Leonardo protein is highly enriched in NMJ synaptic boutons and at low levels in all surWe propose that Leonardo may function in the activitydependent regulation of synaptic vesicle dynamics to rounding tissues, including the motor axons and muscle ( Figure 1C ). The protein is expressed in all detectable control the pool of releasable transmitter vesicles at presynaptic fusion sites, a role that may explain its funcmorphological classes of NMJs, including both type I and type II (Johansen et al., 1989 ; Figure 1C ). Doubletion in learning.
labeling with antisera against presynaptic proteins, such as CSP , showed that Leonardo is Results expressed presynaptically and colocalizes with synaptic vesicles in the presynaptic boutons ( Figure 1D ). The
Leonardo Is Expressed in Presynaptic Boutons
The Drosophila NMJ matures over a period of just 8 protein is present at lower levels in axonal processes removed from the presynaptic boutons. Double-labeling hr at 25ЊC during embryonic development, from initial contact between the motor neuron and its target muscle experiments with antisera against postsynaptic proteins, such as the PS integrins (Broadie et al., ) to a mature synaptic arbor (21 hr AF, hatching; Broadie and Bate, 1993a; lished data), show that Leonardo protein is enriched in presynaptic boutons surrounded by a halo of postsyn -1994) . During this process, both morphological and physiological synaptic properties are synchronously reaptic integrin protein, localized in the subsynaptic reticulum (SSR; Figure 1E ). The fluorescent signal suggests fined. Morphologically, the growth cone terminates its growth to the target muscle (12-13 hr AF), establishes that low levels of the Leonardo protein may also be present in the postsynaptic muscle. the synaptic domain on the muscle (13-14 hr AF), and differentiates specialized presynaptic varicosities (15-20 hr AF), synaptic boutons, as the sites of neurotransNull leonardo Mutants Are Embryonic Lethal mitter release  Mutants in leonardo were isolated in an enhancer detec- Broadie et al., 1995) . Physiologically, synaptic transmistor screen for mushroom body expression; two indepension begins soon after contact (13-14 hr AF), a functional dent and lethal P-element insertions, leo P1375 and leo
P1188
, NMJ capable of mediating muscle contraction develops were recovered (Skoulakis and Davis, 1996) . We have (14-15 hr AF), fidelity and fatigue-resistant transmission generated a series of imprecise excisions by mobilizing properties mature (16-18 hr AF), and patterned, periodic the P-element in leo P1375 and from a local hop (leo 1.3H , have gross Bate, 1993a Bate, , 1993b Bate, , 1993c Zhong and Wu, 1991) .
revealed that homozygotes for either of the alleles do not contain detectable levels of Leonardo protein (Figure (Skoulakis and Davis, 1996) . The CNS and neuromusculature appear morphologically normal and the mutant 2). Therefore, by these analyses, both leo 12BL hr AF). The NMJ is functional and capable of driving robust muscle contraction ( Figure 3A ). As in wild type, the mutant NMJ produces rhythmic, periodic bursts of We examined the frequency and amplitude of spontaneous miniature EJCs (MEJCs) in the mutant genotypes excitatory junctional currents (EJCs), which drive coordinated peristaltic muscle contractions similar to those to determine whether constitutive SV fusion is altered ( Figure 4 ). The Drosophila NMJ shows two classes of normally observed during larval locomotion. However, the amplitude and frequency of these endogenous EJCs MEJCS: class 1, with a larger amplitude and rapid timecourse believed to represent quantal fusion events onto in leo mutants is significantly reduced relative to wild type ( Figure 3A ). This reduced function originates in a the recorded muscle; and class 2, with a smaller amplitude and slower timecourse believed to represent presynaptic defect, since stimulation-evoked EJC amplitude is reduced ( Figure 3B ), whereas the postsynaptic quanta released onto adjacent, coupled muscle fibers . Both classes of MEJCS are present response to iontophoretically applied transmitter, L-glutamate, is similar to normal ( Figure 3C ). At a basal stimuin the leo mutants and show normal frequency and amplitude distributions ( Figure 4A ). In Ca 2ϩ -free bath, the lation frequency (0.2 Hz), the mean suprathreshold peak EJC amplitude is reduced approximately 30% in the wild-type NMJ displays a total MEJC frequency of 0.17 Ϯ 0.06 Hz, and leo 12BL shows a similar frequency of 0.13 Ϯ mutant compared to wild type. Thus, basal presynaptic function is mildly impaired in leo null mutant embryos.
0.07 Hz (mean Ϯ SEM; N ϭ 13 and 11 cells, respectively). In each case, current amplitudes were divided into 5 pA bins, and currents were recorded until a bin collected 100 events. Both the amplitude distribution and average amplitude were similar in the two genotypes at both Ca 2ϩ concentrations.
Thus, MEJC frequency is not significantly altered in the NMJs show a nearly 100% transmission success rate, whereas 50% of stimuli fail to elicit an EJC in the mutant. mutant, suggesting Leonardo function specifically affects evoked transmission. The amplitude distribution Despite these Ca 2ϩ -sensitive defects in transmission, the Ca 2ϩ cooperativity of synaptic transmission is not of class 1 MEJCs was also similar in the null mutant and control ( Figure 4B ), and the average MEJC amplitude altered in the mutant compared to wild type, as assayed by the slope of the Ca 2ϩ dependence curves ( Figure 5C ). was not altered (wild type, 34.9 Ϯ 8.1 pA; leo 12BL , 38.7 Ϯ 9.3 pA; mean Ϯ SEM; N ϭ 13 and 11 cells, respectively).
However, the Ca 2ϩ dependence curve is shifted to the right in leo mutants, indicating that a higher external Thus, MEJC amplitude is not altered in the mutant, reinforcing the conclusion based on glutamate ionto- [Ca 2ϩ ] is required to achieve the given level of secretion ( Figure 5C ). This transmission defect in leonardo is simiphoresis that glutamate receptor accumulation in the postsynaptic membrane is normal. lar to though less severe than that observed in synaptotagmin null mutants . The evoked transmission defect in leo mutants is more pronounced at reduced external Ca 2ϩ concentrations. The leo mutant alleles show a dorsal closure defect, which may secondarily interfere with NMJ development We stimulated the motor nerve with a suction electrode at 1 Hz and recorded NMJ function in a range of Ca 2ϩ or function. We controlled for this possibility with two sets of controls. First, we examined a leonardo hypolevels from 0.1-1.8 mM ( Figure 5A ). EJC amplitude and transmission failure was quantified in wild-type and leo morph (leo P1188 ), which shows no detectable dorsal closure defect, by stimulating the motor nerve with a sucnull mutants. The mutant showed a significantly depressed mean EJC transmission amplitude over the ention electrode at 1 Hz at 0. , respectively, compared with wild-type amplimore ( Figure 5A ). This Ca 2ϩ -sensitive difference can be explained, at least in part, by the elevated transmission tudes of 0.56 Ϯ 0.05 nA and 1.63 Ϯ 0.12 nA (mean Ϯ SEM; N ϭ 12 cells). Transmission failure in 0.2 mM Ca 2ϩ failure rate observed in the mutant at low Ca 2ϩ levels ( Figure 5B ). For example, in 0.2 mM Ca 2ϩ , wild-type was 27% Ϯ 9% in leo P1188 compared with 4% Ϯ 3% in examined another dorsal closure mutant, foreclosed (fcl 244b ), for NMJ transmission defects . Both the amplitude and other transmission characteristics of this mutant were not significantly different from wild type. Therefore, we conclude that the dorsal closure and synaptic transmission phenotypes are completely separable and that leonardo mutants show a specific defect in presynaptic function.
Synaptic Transmission Fidelity and Fatigue Resistance Properties Are Impaired in leonardo Mutants
In leonardo mutants, synaptic transmission properties are progressively impaired with increasing stimulation frequency (Figure 6 ). At a basal stimulation frequency (0.2 Hz), the peak suprathreshold EJC amplitude is only mildly decreased (30%; Figure 3B ), and the NMJ shows transmission fidelity and fatigue properties similar to wild type. However, at elevated stimulation frequencies (range, 1-50 Hz), transmission amplitude, fidelity, and fatigue properties are all progressively impaired ( Figure 6 ).
Mean EJC amplitude and amplitude variation were quantified in normal [Ca 2ϩ ] (1.8 mM) over a range of stimulation frequencies in wild-type and leo null mutants. At a low stimulation frequency (1 Hz), EJC amplitude in the mutant is depressed by almost 50% relative to wild type, but the mean variability of EJC amplitude is not significantly altered ( Figure 6B ). At a moderate stimulation frequency (10 Hz), EJC amplitude is depressed more than 60%, and amplitude variability is doubled relative to wild type ( Figure 6B) . Finally, at a high stimulation frequency (50 Hz), the mutant NMJ shows an 80% depression in EJC amplitude and a 250% increase in the variability of transmission relative to a normal synapse under the same conditions ( Figure 6B ). These results show that the NMJ synapse in the leo mutant is incapable of maintaining high fidelity transmission at ure 6C). In both cases, the fatigue is rapid and occurs within five stimuli in the train, after which the mean EJC value plateaus and is maintained for the duration of the train. These results show that null leo mutant NMJs are wild type. Thus, a weak leonardo hypomorph, which incapable of maintaining transmission amplitudes under lacks the dorsal closure defect, shows similar types of transmission dysfunction at the NMJ. Second, we conditions of high demand. ) display frewt and leo 12BL . The EJC from the first, second, third, and twentieth quency-dependent facilitation at frequencies Ͼ1 Hz. The amplitude stimuli in the train are shown. In wt, some transmission fatigue is of the EJC events is greatly decreased in leo mutants relative to the observed with the twentieth stimulus, producing an EJC of 60%-control. 70% of the initial amplitude. In leo 12BL , the initial response is only (B) The percent facilitation is shown over the range of stimulation slightly reduced compared to wt, but the amplitude is rapidly defrequencies. The wt NMJ shows 50% facilitation at 5-10 Hz, which pressed over the first few stimuli of the train, and the twentieth then declines at higher stimulation frequencies, presumably due to stimulus produces an EJC 20% of the initial amplitude.
the onset of fatigue. The leo 7BL NMJ shows stronger facilitation at (B) Mean EJC amplitude and the percent variation of EJC amplitudes all stimulation frequencies, with no indication of the high frequency in both genotypes at the three stimulation frequencies. The leo 12BL decline. The facilitation slope for leo 12BL was similar to leo 7BL (shown), mutant shows a more pronounced frequency-dependent depreswith a 20 Hz facilitation of 289% Ϯ 41% relative to the basal amplision in EJC amplitude (top plot), largely attributable to the dramatic tude. Each point represents the mean Ϯ SEM for at least 10 embryos loss of transmission fidelity (bottom plot) and fatigue at high stimulaof each genotype. tion frequencies. (Figure 8) . We examined the facilitation, augmentation, and potentiation properties of the NMJ in leo null mutants to determine whether these processes were affected in the absence of the protein.
Short-term facilitation was measured in low external [Ca 2ϩ ] (0.1 mM) by stimulating the NMJ in 20 pulse trains at increasing stimulation frequencies and dividing the mean amplitude of the last ten responses by the initial EJC amplitude (Zhong and Wu, 1991) . Wild-type NMJs show significant facilitation at stimulation frequencies Ͼ3 Hz, but the degree of facilitation declines at stimulation frequencies Ͼ10 Hz, presumably due to the onset of synaptic fatigue (Figure 7 ). This short-term facilitation in leo null mutants was similar to normal. Indeed, the degree of facilitation was significantly increased in the mutant relative to normal and did not decline at stimulation frequencies Ͼ10 Hz (Figure 7) . The observed elevated short-term facilitation may be due to the strongly depressed EJC amplitude observed in the mutants (Figures 5A and 7A) , which may produce conditions that increase the response to facilitative integration and prevent the onset of fatigue. Based on these results, we conclude that leo mutants show no defect in short-term facilitation properties but rather show a substantially stronger facilitation.
We next assayed maintained transmission augmentation and PTP at the mutant synapse. The experiment involved stimulating the NMJ in low external [Ca 2ϩ ] (0.1 mM) at 0.5 Hz for 1 min to establish a baseline, delivering PTP was replaced with a strong post-tetanic depression (PTD; Figure 8B ). This PTD recovered toward the baseline value over a period of 1-2 min. These results show vesicle population. The onset of Leonardo expression that while short-term facilitation is strongly apparent in in the embryonic NMJ is coincident with the developthe mutants, both long-term augmentation and PTP are ment of synaptic modulation properties (facilitation, lost in the absence of the Leonardo protein.
augmentation, and potentiation), which follow the initial stages of synaptogenesis (target recognition, synapse Discussion morphogenesis, excitation-secretion coupling). This expression pattern is consistent with the possibility that
Leonardo Is Expressed in the Presynaptic Terminal
Leonardo may participate in late-developing mechaand Plays a Role in Presynaptic Function nisms of synaptic modulation through interaction with The Leonardo protein is strongly expressed in presynaptic boutons, where it colocalizes with the transmitter synaptic vesicles. It is possible that Leonardo plays a specific role in the development of presynaptic properBiochemical work has suggested that these proteins are directly bound to the plasma membrane of synaptic ties at the NMJ. For example, the protein may be involved in the maturation of presynaptic terminals to vesicles in the mammalian brain . Third, in vitro assays have shown that 14-3-3 proteins allow high frequency, high fidelity release of synaptic vesicles. However, the maintenance of high level protein can directly bind phospholipids and may bind Ca 2ϩ (Zupan et al., 1992; Roth et al., 1994) . Taken together, these expression at the mature larval NMJ, and the absence of any detectable defects in molecular or morphological studies are consistent with a role for 14-3-3 proteins in regulating synaptic vesicle dynamics. synaptic development, suggest that Leonardo plays a sustained role in synaptic function.
Two related model systems give insight into the possible mechanisms of 14-3-3 synaptic function. First, in Null leonardo mutants are embryonic lethal and show defects in presynaptic function. The basic process of yeast, 14-3-3 proteins function in vesicle trafficking between the Golgi and plasma membrane (Gelperin et al., neurotransmission appears largely normal, since the NMJ is capable of mediating patterned synaptic com-1995) . It is possible that this role has relevance to 14-3-3 function at the synapse, since many vesicle pathway munication to drive coordinated movement. However, basal NMJ excitation-secretion coupling is reduced by proteins have conserved functions from yeast to neurons (Bennett and Scheller, 1993) . In particular, Syntaxin 30% relative to normal. This presynaptic transmission defect is heightened by lowered external [Ca 2ϩ ] and and Rop, a Drosophila homolog of yeast SEC1, appear to have presynaptic functions at the Drosophila NMJ elevated stimulation frequencies, both of which result in a strong depression of synaptic current amplitude, consistent with the function of their yeast homologs Schulze et al., 1995) . Second, catetransmission fidelity, and fatigue resistance properties. Moreover, while short-term facilitation is robust in the cholamine secretion from bovine adrenal chromaffin cells is strongly potentiated by application of exogenous mutant, long-term transmission augmentation and posttetanic potentiation are both lost. Indeed, the mutant 14-3-3 proteins Roth and Burgoyne, 1995; Chamberlain et al., 1995) . The activation of Ca 2ϩ -NMJ shows a period of transmission depression following high frequency stimulus trains. These observations dependent secretion by 14-3-3 proteins occurs in the ATP-dependent priming step in the pathway. The 14-3-3 show that Leonardo plays an important role in presynaptic function.
proteins appear to potentiate neurosecretion by causing a reorganization of the cortical actin cytoskeleton to The results of this study are consistent with the hypothesis that Leonardo regulates the pool of fusionincrease vesicle access to the plasma membrane and enlarge the readily releasable pool of secretory vesicles competent vesicles in the Drosophila NMJ. Our observations suggest that the basic trafficking and . Since many mechanisms of neurosecretion and synaptic transmission are highly presynaptic availability of vesicles does not require Leonardo. However, under conditions of high vesicle conserved, it is tempting to speculate that Leonardo may also mediate its presynaptic role by regulating the demand, transmission begins to fail. Thus, the mutant phenotypes are consistent with a defect in the mobilizaactin cytoskeleton in order to control availability of transmitter vesicles at presynaptic active sites. tion or recruitment of vesicles to the presynaptic fusion sites. Since lowered external [Ca 2ϩ ] also increases mutant dysfunction, it is possible that Leonardo acts in 14-3-3 Proteins and Signal Transduction Cascades the chain linking activity-dependent Ca 2ϩ influx to the How might 14-3-3 proteins be involved in regulating the mobilization or utilization of the presynaptic vesicle synaptic cytoskeleton and the presynaptic availability pool. This hypothesis is consistent with the protein exof neurotransmitter vesicles? The 14-3-3 protein family pression pattern and offers a plausible explanation for modulates a number of signal transduction cascades in the learning defect in leonardo mutants (Skoulakis and a wide variety of cell types. Of potential importance at Davis, 1996) . the synapse is the regulation of protein kinase A (PKA), protein kinase C (PKC), and the protein kinase RAF-1 14-3-3 Proteins and Synaptic Function (Fantl et al., 1994; Freed et al., 1994; Irie et al., 1994 ; Leonardo is a typical member of the 14-3-3 protein fam- Li et al., 1995) . Functional plasticity at the synapse is ily, which shows 88% amino acid identity to its closest influenced by overlapping cassettes of these signal mammalian homolog, 14-3-3 (Skoulakis and Davis, transduction cascades, whose function depends on the 1996). The 14-3-3 proteins have been implicated in a previous activity history of the synapse. The mechawide range of physiological processes involving connisms behind these plastic changes probably include served signal transduction cascades, but no family regulation of vesicle mobilization, control of release member has ever before been directly linked to the probability at independent active sites, and the modulamechanisms of presynaptic function. However, three tion of other steps in exocytotic release. The role of existing sets of data support the results of this study overlapping signaling kinases has been observed in sysand suggest that 14-3-3 proteins may be involved in tems ranging from sensory neuron synapses in Aplysia presynaptic function in a range of species. First, to mammalian hippocampal synapses (Nicoll and Maproteins were initially identified as abundant proteins in lenka, Capogna et al., 1995) . For example, PKA the mammalian and avian brain and and PKC have been shown to have overlapping roles in are strongly expressed in neuronal synapse fractions synaptic facilitation in Aplysia, with PKA dominating in . Second, it is known that 14-3-3 short-term facilitation, PKC in long-term facilitation, and proteins exist in both cytosolic and membrane-associated fractions Roth et al., 1994 the Ca 2ϩ dependence of exocytosis (Gillis et al., 1996 (Gillis et al., ). 1996 ). An additional lethal allele (leo , 1995) , and it has been suggested that these kinases
Leonardo protein (see below). The leo 12BL allele is considered a null function to modulate directly vesicle release probability leonardo mutant based on the molecular characterization of the downstream of Ca 2ϩ influx (Trudeau et al., 1996) . Activamutant gene, the absence of detectable Leonardo protein in homotion of the PKC and PKA pathways may facilitate synapzygous mutant embryos, and the failure to complement the lethality of a leonardo hypomorph (leo
P1188
). The leo 7BL allele is considered a tic transmission through this presynaptic mechanism strong hypomorphic mutant based on a low percentage of progeny (Weisskopf et al., 1994; Capogna et al., 1995) . For examsurviving from a cross with leo P1188 .
ple, inhibition of PKA in hippocampal neurons blocks
Fly stocks were raised on standard cornmeal food at 25ЊC. synaptic facilitation, apparently by regulating the proba-
The leonardo mutants were outcrossed to the wild-type strain OR-R, bility of exocytosis of individual vesicles (Trudeau et al., and the mutant genotype was determined by failure to hatch at 22
